Hydrogen is implanted into single-crystal silicon wafers using plasma ion immersion implantation to improve the surface bioactivity and the mechanism of apatite formation is investigated. Our micro-Raman and transmission electron microscopy results reveal the presence of a disordered silicon surface containing Si-H bonds after hydrogen implantation. When the sample is immersed in a simulated body fluid, the Si-H bonds on the silicon wafer initially react with water to produce a negatively charged surface containing the functional group ͑wSi-O − ͒ that subsequently induces the formation of apatite. A good understanding of the formation mechanism of apatite on hydrogen implanted silicon is not only important from the viewpoint of biophysics but also vital to the actual use of silicon-based microchips and MEMS inside a human body.
Hydrogen is implanted into single-crystal silicon wafers using plasma ion immersion implantation to improve the surface bioactivity and the mechanism of apatite formation is investigated. Our micro-Raman and transmission electron microscopy results reveal the presence of a disordered silicon surface containing Si-H bonds after hydrogen implantation. When the sample is immersed in a simulated body fluid, the Si-H bonds on the silicon wafer initially react with water to produce a negatively charged surface containing the functional group ͑wSi-O − ͒ that subsequently induces the formation of apatite. A good understanding of the formation mechanism of apatite on hydrogen implanted silicon is not only important from the viewpoint of biophysics but also vital to the actual use of silicon-based microchips and MEMS inside a human body. In the past three decades, silicon has gradually been recognized to be an essential trace element in the normal metabolism of higher animals, and the role of silicon in the human body has aroused interest in the biomedical community.
1-5 An increasing number of silicon-containing materials is being investigated as potential materials in biomedical devices and medical implants. Silicon-based microelectronics and biosensors have undergone tremendous technical development but the bioactivity and biocompatibility of silicon is relatively not well understood. In fact, the surface biocompatibility of silicon is usually poor and the interaction between silicon-based biosensors or MEMS and the human body may not be desirable. 6, 7 Long-term problems associated with the packaging and biocompatibility of Si chips have thus been identified to be a major issue. 8 Some attempts have been made to improve the bioactivity and biocompatibility of silicon wafers. For instance, Canham reported that apatite could be induced to form on the surface of micro-porous silicon films obtained by wet etching. 9 The ability to form apatite on materials soaked in a simulated body fluid is commonly used by biomedical researchers to evaluate its bioactivity. Dahmen and co-workers have shown that surface functionalization of amorphous hydrogenated silicon ͑a-Si: H͒ and amorphous silicon suboxide films ͑a-SiO x :H͒ produced by a hydrosilylation reaction are largely biocompatible. 10 The role of hydrogen in silicon has been under intense investigation as it is known to passivate defects, deactivate dopants, and sometimes induce point or extended defects.
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In contrast, the use of hydrogenation to improve the surface bioactivity of silicon has pretty much been unexplored. Our previous works revealed that apatite could nucleate and grow on hydrogen plasma-implanted silicon wafers. Since our control experiments did not reveal any apatite formation on the surface of the unimplanted silicon wafer, we have obtained direct proof that the bioactivity of silicon can indeed be enhanced by hydrogen plasma immersion ion implantation (PIII). 12 In this letter, the formation mechanism of apatite on hydrogen plasma-implanted silicon is reported.
Single crystal p-type and 100-mm-diam ͗100͘ silicon wafers were used in our experiments. Hydrogen was implanted into the polished side using (PIII) [13] [14] [15] [16] in the Plasma Laboratory of the City University of Hong Kong. 17, 18 After being ultrasonically cleaned in acetone and rinsed in deionized water, the samples were soaked in a simulated body fluid (SBF). The SBF solution was buffered at pH 7.4 with trimethanol aminomethane-HCl and the ionic concentrations in the solution are nearly equal to those in human blood plasma. 19 The apatite growth on the silicon wafer soaked in SBF after 28 days was investigated using cross-sectional transmission electron microscopy (XTEM). The microRaman spectra were acquired in the backscattering mode using a DILORyISA LabRAM 010 system equipped with an unpolarized HeNe laser. The excitation line wavelength was the 632.8 nm and the laser power was 6.4 mW.
The Raman spectra ͑400-1500 cm −1 ͒ obtained from the unimplanted and hydrogen plasma implanted silicon wafers and shown in Fig. 1 reveal that the vibrational peaks around 520 cm −1 in the implanted sample correspond to the symmetrical Si-Si bond. There is also evidence that the silicon has been partially disordered by hydrogen implantation (confirmed by the TEM results discussed in the following). The Si-H peak around 2000 cm −1 can be discerned in the higher resolution Raman spectrum acquired from the hydrogen implanted wafer.
The XTEM micrograph and selected-area diffraction patterns obtained from the implanted silicon wafer soaked in SBF for 28 days disclose that the surface apatite layer is composed of polycrystalline and amorphous apatite, as shown in Fig. 2 . The atomic ratio ͑Ca/ P͒ obtained by energy-dispersive x-ray spectrometry (EDS) in areas A, B, Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk and C are 2.69, 1.83, and 1.42, respectively, indicating that calcium accumulation on the silicon wafer takes place prior to that of phosphorus.
The high-resolution transmission electron microscopy (HRTEM) micrograph taken near the apatite and silicon interface is depicted in Fig. 3 . The (100) planes of the apatite with a spacing of about 0.82 nm are well resolved in this area. An amorphous layer is found between the apatite layer and silicon wafer. This amorphous layer is the key to the formation of apatite and is believed to induce apatite precipitation similar to that on silica gel described by Chou. 20 In our sample, the amorphous layer is so thin that its composition cannot be determined by EDS. In addition, certain disordered areas can be observed around the crystalline apatite indicating that the Ca-P layer on the silicon wafer has only partially crystallized.
Hydrogen is known to interact with silicon in a wide variety of ways, including passivating the surface, deactivating dopants, and passivating shallow as well as deep levels.
In amorphous and polycrystalline silicon, hydrogen passivates dangling bonds by forming Si-H bonds. In our hydrogen PIII sample, many dangling bonds are produced, 21 and the surface of the silicon wafer exhibits an amorphous network with disorders and defects. 12 In silicon, it is estimated that each H ion implanted at 30-100 keV produces approximately ten Frenkel pairs. These defects provide many Si dangling bonds. These implantation-induced or pre-existing dangling bonds can interact immediately with the implanted hydrogen to form Si-H bonds. 22 When the hydrogen-implanted silicon wafer is soaked in the SBF solution, the following reactions are believed to occur. The wSi-H structure is first hydrated to form silanol ͑wSi-OH͒ by the following reactions:
Afterwards, the silanol ͑wSi-OH͒ reacts with the hydroxyl ion to produce a negatively charged surface with the functional group ͑wSi-O − ͒ as follows:
At the same time, some water molecules may diffuse through the surface to react with the Si-H bonds or Si dangling bonds in the subsurface of the hydrogen implanted silicon wafer to form an amorphous hydrated silicon layer. Therefore, after immersion in SBF, a negatively charged, amorphous, and hydrated silicon surface is formed. The formation of negatively charged surface on bioceramics and bioglasses is generally regarded to be important to the precipitation of apatite. Li et al. have applied a "charged surface" theory to explain the reaction of bioactive glass in simulated physiological solution and it is believed that precipitation of apatite on the surface of the bioactive glass soaked in SBF is due to the formation of an electric double layer in the glass-solution system. 23, 24 Takadama et al. investigated the mechanism of bio-mineralization of apatite on sodium silicate glass using TEM-EDX and also proposed that the formation of apatite on the surface of sodium silicate glass was mainly attributed to the charge surface. 25 Due to the formation of the negatively charged surface, the calcium ions in the SBF solution are attracted to the negative charged surface site of the silicon wafer. This is followed by the arrival of HPO 4 2− resulting in a hydrated precursor cluster consisting of calcium hydrogen phosphate. After the precursor clusters are formed, they spontaneously grow by consuming calcium and phosphate ions from the surrounding body fluid. The calcium phosphate phase that accumulates on the surface of the silicon wafer is initially amorphous. It later crystallizes to a carbonate-containing hydroxyapatite structure by incorporating carbonate anions from the solution within the amorphous calcium phosphate phase.
In summary, we have achieved enhanced bioactivity on silicon by using hydrogen plasma immersion ion implantation. Our Raman and TEM results disclose that a disordered silicon surface containing Si-H bonds is produced by hydrogen PIII. During immersion in the simulated body fluid, the Si-H bonds on the silicon wafer initially react with water to produce a negatively charged surface containing the functional group ͑wSi-O − ͒ that induces the formation of apatite. 
